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Abstract 
CO2-corrosion of injection pipe steels is a relevant safety issue when emission gasses are compressed in deep geological layers 
(CCS). The reliability of the steels used at the geological onshore CCS-site at Ketzin, Germany, is demonstrated in laboratory 
experiments under an equivalent corrosive environment (T=60 °C, p=1-60 bar, aquifer water, CO2-flow rate of 3 l/h, 700 h - 8000 
h heat treatment). Corrosion kinetics and microstructures were characterized using samples of the heat treated steel 1.7225 (AISI 
4140, 42CrMo4) used for casing, and samples of the martensitic stainless injection-pipe steel 1.4034 (AISI 420, X46Cr13).  
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1. Introduction 
Carbon dioxide corrosion, which easily causes failure of pipelines and wells, is a well acknowledged problem in 
the oil and gas production [1] and will become an issue when compressing emission gasses from combustion 
processes in deep geological layers (CCS Carbon Capture and Storage) [2]. In geothermal energy production the 
CO2-corrosion is sensitively dependent on alloy composition, environmental conditions like temperature, CO2 
partial pressure, flow conditions and protective corrosion scales [3] - [11]. But no experience of the corrosion 
behaviour and mechanism is available for saline waters such as aquifers with the given conditions at the geological 
site Ketzin, Germany, the first on-shore CO2-storage (CO2-SINK), with T=60 °C / p=80 bar [12]. 40 °C to 60 °C is a 
 
* Corresponding author. Tel.: +49 30 8104 1519; fax: +49 30 8104 1517. 
E-mail address: a.pfennig@fhtw-berlin.de. 
c© 2009 Elsevier Ltd.
Energy Procedia 1 (2009) 3023–3029
www.elsevier.com/locate/procedia
doi:10.1016/j.egypro.2009.02.080
Open access under CC BY-NC-ND license.
 Author name / Energy Procedia 00 (2008) 000–000 
critical temperature region well known for severe corrosion processes [7], [8], [13], [14]. Steels applied in pipeline 
technology precipitate slow growing passivating iron carbonate layers [4], [5]. First carbondioxid is dissolved in the 
electrolyte then a corrosion layer mainly consisting of siderite FeCO3 (only slightly soluble in water: pKsp = 10.54 
bei 25 °C [5], [6]) grows on the alloy surface as a result of the anodic iron dissolution. The results of this work are 
used to predict the reliability of the on-shore CCS site at Ketzin, Germany. 
 
2. Materials and Methods 
Exposure tests were carried out using samples made of thermal treated specimen of AISI 4140 (1%Cr) and AISI 
420 (13%Cr) with 8 mm thickness and 20 mm width and 50 mm length. A hole of 3.9 mm diameter was used for 
sample positioning. The surfaces were activated by grinding with SiC-Paper down to 120 µm under water. Then the 
samples were disposed into a brine using reaction vessels and positioned into a chamber kiln at 60 °C and ambient 
pressure as well as 60 bar between 700 h to 8000 h. The brine (as known to be similar to the Stuttgarter Aquifer 
[32]: Ca2+: 1760 mg/L, K2+: 430 mg/L, Mg2+: 1270 mg/L, Na2+: 90,100 mg/L, Cl-: 143,300 mg/L, SO42-: 3600 mg/L, 
HCO3-: 40 mg/L) was synthesized in a strictly orderly way to avoid precipitation of salts and carbonates. Flow 
control (2 NL/h) was done by a capillary meter GDX600_man by QCAL Messtechnik GmbH, München.  
After exposure time X-ray diffraction was carried out in a URD-6 (Seifert-FPM) with CoKα-radiation with an 
automatic slit adjustment, step 0.03 and count 5 sec. Phase analysis was performed by matching peak positions 
automatically with PDF-2 (2005) powder patterns. Mainly structures that were likely to precipitate from the steels 
were chosen of the ICSD and refined to fit the raw-data-files using POWDERCELL 2.4 [15] and AUTOQUAN ® 
by Seifert FPM. Then the samples were embedded in a cold resin (Epoxicure, Buehler), cut and polished first with 
SiC-Paper from 180 µm to 1200 µm under water and then finished with diamond paste 6 µm and 1 µm. Different 
light optical and electron microscopy techniques were performed on specimens to investigate the layer structures 
and morphology of samples 60°C/700 h, 60°C/2000 h and 60°C/4000 h.  
 
3. Results and Discussion 
3.1. Kinetics.  
Figure 1 illustrates the isothermal oxidation behaviour of the alloys AISI 420 X46Cr13 and AISI 4140 42CrMo-4 
at 60 °C/ambient pressure characterized by mass gain according to DIN 905 part 1-4. The greatest corrosion rates 
are found within the vapour phase, the lowest in the liquid phase. The greatest increase of the corrosion rates up to 
2000 h is correlated to a passivating layer of siderite in CO2-atmosphere. In general the corrosion rate increases with 
increasing CO2 partial pressure, but in the presence of iron carbonate precipitates the corrosion rate may even 
decrease. With exception of the low Cr steel in the vapour phase,this is the reason for the lower corrosion rates at 
longer exposure times.  
After 700 h at 60 bar the results of corrosion rates are in good agreement with results at ambient pressure There is 
no significant pressure dependence of the corrosion rate as expected with reactions (s) + n(g) → m (g) n>m. Only 
evidence are the slightly more discontinuous interface at 60 bar than at ambient pressure and the significant duplex 
layer of the corrosion scale already after 700 h. 
Pitting and cavity corrosion are only observed on the surface of the sample of X46Cr13 kept in the liquid phase 
with a maximum corrosion rate of 4.6 mm/year. This is nearly half of the pipe wall thickness (Figure 2). The time of 
heat treatment has little to no influence on the pitting corrosion, which can be seen by the different counts of pitting 
per unit area (Figure 3). After 8000 h nearly 1/3rd of the sample was corroded rather than showing distinct pitting or 
cavity corrosion. Therefore corrosion rates are significantly lower than after 2000 h to 4000 h exposure time.  
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Figure 1: Corrosion rate as a function of heat treatment of the alloys X46Cr13 and 42CrMo-4 (60 °C / CO2 
saturated brine / ambient pressure) 
 
 
Both, surface corrosion as well as local corrosion (pitting and cavity), contribute to the degradation of the 
pipeline material. Here the highest corrosion rates are obtained for the high chromium steel X46Cr13 (4.6 mm/year) 
for pitting whereas surface corrosion rates are around 0.3 mm/year (X46Cr13) and 0.8 mm/year (42CrMo-4) and. It 
is significant that the highest corrosion rates are obtained within the liquid phase where at the Ketzin site no residual 
stress is applied. Taking into account the pitting and shallow pit corrosion of X46Cr13 the corrosion rates as well as 
the counts of pitting are lower after 8000 h than after 4000 h due to the higher influence of the surface corrosion 
after 8000 h.  
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Figure 2: Loss of pipe wall thickness as a function 
of heat treatment in CO2 saturated brine of the alloys 
X46Cr13 and 42CrMo-4 at 60 °C at ambient pressure 
and at 60 bar 
Figure 3: Max. corrosion depth as a function of the 
counts of pitting of the alloy X46Cr13 at 60 °C in CO2 
saturated brine at ambient pressure and at 60 bar 
*at 8000 h nearly 1/3rd of the sample has been corroded rather 
than showing distinct pitting or shallow pit corrosion 
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Figure 4 compares the measured corrosions rates with those obtained from literature. It shows clearly that a 
regime between 40 °C to 60 °C is disadvantageous when aiming for low corrosion rates as mentioned in literature 
[7], [13]. For the Ketzin site the high corrosion rates only apply for pitting and cavity corrosion of the high 
chromium steel X46Cr13 while the overall surface corrosion rates are rather moderate compared to data obtained 
from literature. Figure 4 also reveals that the Norsok model [16] for modelling corrosions rates in the oil and gas 
industry is conservative enough to estimate the highest rates and predict the worst case, when predicting corrosion 
rates for injection pipe steels of the Ketzin site with its distinct aquifer composition. It may be assumed that the 
Norsok model will also apply for other saline aquifer waters differing in composition from the Stuttgarter Aquifer 
[17] at Ketzin. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Corrosion rates obtained from literature (surface corrosion rates) compared to experimental data  
 
3.2. Microstructure.  
AISI 4140, 42CrMo-4. Already after 700 h at ambient pressure as well as at 60 bar the 1% Cr alloy (AISI 4140) 
kept in the vapour phase shows a characteristic duplex corrosion layer (Figure 5). The total layer thickness varies 
from 20 µm to 130 µm at ambient pressure and around 60 µm to 90 µm at 60 bar, where the inner layer shows 
elliptical islands of 10 µ to 30 µm. Samples in the intermediate phase show cavities with a depth about 50 µm and a 
width of 200 µm. After 2000 h the thickness of the outer layer varies significantly. It can rise up to 1.5 mm in the 
vapour phase and after 4000 h even a small inner layer is connected to 3-4 mm outer layer. Mainly consisting of the 
inner layer the corrosion layer thickness of samples in the liquid phase is around 30 µm – 150 µm. Its thickness 
increases with heat treatment from 2000 h to 4000 h. Liquid phase samples do not show a typical inner corrosion 
layer. 
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AISI 420, X46Cr13. As with the 1%Cr steel the 13% Cr steel X46Cr 13 shows surface corrosion with a typical 
duplex layer formation. Also the thickness of the corrosion layer in the vapour phase is much greater than in the 
intermediate and especially in the liquid phase. After 700 h at 60 bar and at ambient pressure there are islands of 
outer corrosion layers in the vapour and the intermediate phase that grow to 70 µm after 2000 h and even to 1.5 mm 
and a 500 µm inner layer after 4000 h while the liquid phase shows little to no surface corrosion (Figure 6).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The complicated multi-layered carbonate/oxide structure for both steels reveals siderite FeCO3, with small 
amounts of Ca [3], goethite α-FeOOH, mackinawite FeS (not in X46Cr13) and spinelphases of various 
compositions (mainly inner layers) as the main phases (Figure 5, Figure 6). Lepidocrocite γ-FeOOH and akaganeite 
Fe8O8(OH)8Cl1.34 (mainly outer layers) are minor phases. Although carbides are not expected at these conditions 
Mn23C6 or some other not clearly stated composition may precipitate as followed from thermodynamic calculations 
(Software FACTSAGE®). In CO2-environment precipitates on carbon steel may also consist of Fe3C [5]. 
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Figure 6: Corrosion layer and phases of X46Cr13 after 700 h and 2000 h of heat treatment in CO2 saturated 
brine at ambient pressure  
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Figure 5: Corrosion layer and phases of 42CrMo-4 after 700 h of heat treatment in CO2 saturated brine at 
ambient pressure   
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The formation of the scale in geothermal water takes place in 2 steps. The first step may be attributed to the 
formation of Fe[II] compounds Fe(OH)2 [6] and in this case 13%Cr steel Cr[II] compounds Cr(OH)2 (Eq. 1a,b):  
Fe + 2H2O  →  [Fe(OH)2]ads + 2H+ + 2e-  (1a) 
Cr + 2H2O  →  [Cr(OH)2]ads + 2H+ + 2e-             (1b) 
 
The second step corresponds to the formation of a magnetite spinel type with Cr content in the 13% Cr steel and 
goethite (Eq. 2 and 3) and to the formation of siderite (Eq. 4): 
[Fe(OH)2]ads + [Cr(OH)2]ads  →  Fex(Cr1-x)3O4 + α-FeOOH + 7H+ + 7e-     (2) 
[Fe(OH)2]ads + H2O  → α-FeOOH + 3H+ + 3e-      (3) 
[Fe(OH)2]ads + [H2CO3]ads → FeCO3 + 2H2O      (4) 
Mackinawite FeS forms due to the saturation of the brine with H2S and akaganeite Fe8O8(OH)8Cl1.34 due to the 
high salt content of the brine. Iron does not lead to a corrosion resistant stable oxygen film in O2-free brine saturated 
with CO2 at the presence of H2S. Already little amounts of H2S in geothermal water cause the change in mechanism 
of the iron corrosion in the H2O-CO2-system [6]. The strong adsorption of sulphide anions blocks the development 
of a protective oxide film. Therefore predominating phases are carbonates FeCO3, hydroxides FeOOH and sulphides 
FeS. The further phase study including TEM-technique and the investigation of the combining reaction mechanism 
will be topic of future research project. 
 
4. Conclusion 
The saturation of the geothermal brine at the CCS site Ketzin, Germany with CO2 leads to near linear corrosion 
rates for a 1% Cr (42CrMo-4) and 13%Cr (X46Cr13) steel. Highest surface corrosion rates are 0.8 mm/year (1% Cr) 
and 0.3 mm/year (13% Cr) in the vapour phase. The average intermediate and liquid corrosion rate for both type of 
steel is 0.1 mm/year. Severe pit corrosion with pit heights around 4.5 mm are only located on the X46Cr13 steel 
kept in the liquid where the gas flow and pressure is low. Main phase of the continuous scale is FeCO3 siderite and 
FeS mackinawite in both types of steel. A complicated multi-layered carbonate/oxide structure reveals goethite α-
FeOOH, lepidocrocite γ-FeOOH, spinelphases of various compositions and akaganeite Fe8O8(OH)8Cl1.34. In the high 
chromium bearing alloy carbides (Mn23C6) are found. Since it is not clear whether the scales are protecting and 
therefore adhesive to the wall one should be aware of parts of the scale falling down into the injection pipe part. 
Following from these corrosion rates the steels used for injecting technical CO2 in Ketzin will withstand at least a 1 
year period of injection without a need of replacement if the tensile stresses can be reduced to a minimum and the 
decrease in pressure along the pipe wall thickness is kept low. For the full injection time a tight revision schedule is 
advised to first prevent the growing scales from spalling and then blocking the tube. And second to early monitor 
subcritical flaw progress within the liquid phase. Due to the time dependence of the vapour phase corrosion rates a 
long term monitoring system is strongly recommended for CCS sites. 
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